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Intracellular calciumpliﬁes neuronal death following stroke. We have explored the mechanisms
underlying the collapse of mitochondrial potential (Δψm) and loss of [Ca2+]c homeostasis in rat hippocampal
neurons in culture following toxic glutamate exposure. The collapse of Δψm is multiphasic and Ca
2+-
dependent. Glutamate induced a decrease in NADH autoﬂuorescence which preceded the loss of Δψm. Both
the decrease in NADH signal and the loss of Δψm were suppressed by Ru360 and both were delayed by
inhibition of PARP (by 3-AB or DPQ). During this period, addition of mitochondrial substrates (methyl
succinate and TMPD–ascorbate) or buffering [Ca2+]i (using BAPTA-AM or EGTA-AM), rescued Δψm. These data
suggest that mitochondrial Ca2+ uptake activates PARP which in turn depletes NADH, promoting the initial
collapse of Δψm. After N~20 min, buffering Ca2+ or substrate addition failed to restore Δψm. In neurons from
cyclophilin D−/− (cypD−/−) mice or in cells treated with cyclosporine A, removal of Ca2+ restored Δψm even
after 20 min of glutamate exposure, suggesting involvement of the mPTP in the irreversible depolarisation
seen in WT cells. Thus, mitochondrial depolarisation represents two consecutive but distinct processes
driving cell death, the ﬁrst of which is reversible while the second is not.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionIt is widely accepted that accumulation of extracellular glutamate
mediates a signiﬁcant fractionof theneuronal death that followsperiods
of cerebral ischaemia or anoxia [1,2]. Indeed, it has been suggested that
such excitotoxic processes may represent an almost ubiquitous
mechanism of neuronal cell injury in a number of neurodegenerative
disorders. It is clear that in large measure, excitotoxic cell death in the
cortex or hippocampus ismediated by the activation of NMDA receptors
and resultant intracellular calcium overload, and that the excessive
intracellular calciumtriggers pathways to cell death. Recent studieshave
suggested that accumulation of calcium bymitochondria in particular is
a critical step in the progression to cell death, promoting the loss of
mitochondrial membrane potential (Δψm) and energetic collapse
followed by cell death [3–5]. The key to understanding such cell death
therefore seems to lie in the identiﬁcation of the mechanisms that
promote the collapseofΔψm, as, once thepotential is lost, those cellswill
be committed to die.
Perhaps because the loss of Δψm requires mitochondrial calcium
overload, possibly combined with oxidative or nitrosative stress [6–8],
the depolarisation has been widely attributed to opening of the
mitochondrial permeability transitionpore (mPTP), a large conductance
pore spanning both the mitochondrial inner and outer membranes that
opens under conditions of high intramitochondrial calcium in combina-.
l rights reserved.tion with oxidative or nitrosative stress [9,10]. Attempts to deﬁne the
mechanism more precisely have been confounded by the complex and
unreliable pharmacology of the mPTP, as cyclosporin A, the classical
drug used to prevent mPTP opening, has unreliable and variably
reproducible effects on the glutamate-induced mitochondrial depolar-
isation and also has multiple targets in the cell, including calcineurin,
which is likely to be involved in mediating nNOS activation. Published
evidence to date has been inconsistent and ambiguous on this issue. The
collapse ofΔψm is also routinely associatedwith a secondary increase in
cytosolic calcium concentration, sometimes termed delayed calcium
deregulation (DCD) [5,11–13]. In our hands and those of other groups,
the changes in the twovariables– calciumandmitochondrial potential–
are so closely synchronised that it has not been possible to establish
which process drives the other, or, indeed, whether each perhaps
represents the independent consequence of other mechanisms that
target both processes [8].
In the present study, we have attempted to dissect themechanisms
underlying the loss of mitochondrial potential and DCD in order to
establish the sequence of events that leads to neuronal cell death. The
weight of evidence from the data presented here suggests that both
the collapse of mitochondrial potential and the secondary increase in
calcium concentration result from two processes which follow
sequentially. The initial collapse of mitochondrial potential does not
result from mPTP opening, although it seems that mPTP opening
follows later, and so renders irreversible the initial, potentially re-
versible depolarisation. We show that the loss of Δψm is dependent
on mitochondrial calcium uptake, while the secondary increase in
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prevented. This dissociation of the two signals establishes at last that
the changes in calcium are not a direct consequence of mitochondrial
depolarisation and also reveals that both processes independently
pass through distinct phases whichmay represent distinct therapeutic
targets.
2. Methods
2.1. Cell culture
Mixed cultures of hippocampal neurones and glial cells were prepared as described
previously [14] with modiﬁcations, from Sprague–Dawley rat pups 2–4 days post-
partum (UCL breeding colony). For some experiments, cypD knockout transgenic mice
(obtained as a kind gift from J.D. Molkentin, Cincinnati Children's Hospital medical
school) were used and B6/cv129 6 pups (the strain used as a background for the
transgenic animals) were used as controls. Hippocampi were removed into ice-cold
HBSS (Ca2+, Mg2+-free, Gibco-Invitrogen, Paisley, UK). The tissue was minced and
trypsinised (0.1% for 15 min at 37 °C), triturated and plated on poly-D-lysine-coated
coverslips and cultured in Neurobasal medium (Gibco-Invitrogen, Paisley, UK)
supplemented with B-27 (Gibco-Invitrogen, Paisley, UK) and 2 mM L-glutamine.
Cultures were maintained at 37 °C in a humidiﬁed atmosphere of 5% CO2 and 95% air,
fed twice a week and maintained for a minimum of 10 days before experimental use toFig. 1. Relationships between [Ca2+]c and mitochondrial membrane potential during and aft
[Ca2+]c (fura-ff ratio) and Δψm (relative Rh 123 ﬂuorescence) were made from single neuro
increase in Rh 123 ﬂuorescence reﬂects mitochondrial depolarisation. (A) The calcium resp
minutes by a secondary increase in [Ca2+]c (calcium deregulation) accompanied almost
(C) illustrate the differences in the dynamics of [Ca2+]c and Δψm recovery following extra
application, both [Ca2+]c a and Δψm recovered (B). These variables failed to recover at all if ex
(1 μM) was applied at the end of these and subsequent experiments to indicate the level ofensure the expression of glutamate and other receptors. Neurons were easily
distinguishable from glia: they appeared phase bright, had smooth rounded somata
and distinct processes, and lay just above the focal plane of the glial layer. Cells were
used at 10–15 DIV unless differently stated.
2.2. Imaging [Ca2+]I, NADH and Δψm
Hippocampal neurons were loaded for 30min at room temperaturewith 5 μM fura-
ff AM or ﬂuo-4 AM and 0.005% Pluronic in a HEPES-buffered salt solution (HBSS)
composed of (mM): 156 NaCl, 3 KCl, 2 MgSO4, 1.25 KH2PO4, 2 CaCl2, 10 glucose and 10
HEPES, pH adjusted to 7.35 with NaOH. Ca2+-free medium contained 0.5 mM EGTA. For
experiments with permeabilised cells, neurons were exposed to 20 μM digitonin added
to the “intracellular” solution consisting of (in mM) 135 KCl, 10 NaCl, 20 HEPES, 5
pyruvate, 5 malate, 0.5 KH2PO4, 1 MgCl2, 5 EGTA, and 1.86 CaCl2 to yield a free [Ca2+]
of ~100 nM. For simultaneous measurement of [Ca2+]i and Δψm, Rh123 (26 μM,
equivalent to 10 μg ml−1; Molecular Probes) was added into the cultures during the last
15 min of the fura-2 loading period, and the cells were then washed. We have long
established that Rh123 loaded under these conditions is non toxic and gives a reliable
and reproducible measure of mitochondrial potential through the ‘dequenching’ of
mitochondrial ﬂuorescence [15,16]. For simultaneousmeasurement ofﬂuo-4 and TMRM
ﬂuorescence, 25 nM tetramethyl rhodaminemethylester (TMRM)was loaded for 30min
and the ﬂuorescent indicator was present in all solutions during the experiments.
Fluorescence measurements were obtained on an epiﬂuorescence inverted
microscope equipped with a ×20 ﬂuorite objective. [Ca2+]i and Δψm were monitoreder different periods of glutamate exposure. Simultaneous measurements of changes in
ns. Glutamate (100 μM) and glycine (10 μM) were applied in a Mg2+-free solution. An
onse to glutamate (black trace) shows an initial transient phase followed after a few
simultaneously by a loss of mitochondrial membrane potential (grey trace). (B) and
cellular Ca2+ removal. If calcium is removed within the ﬁrst 10 min after glutamate
tracellular calciumwas removed at later time points. The mitochondrial uncoupler FCCP
Rh 123 ﬂuorescence that indicated complete dissipation of Δψm.
Fig. 2. The glutamate-induced collapse of Δψm is dependent onmitochondrial calcium uptake. Simultaneous measurements of [Ca2+]c and Δψm in neurones are shown. (A) Cells were
pre-incubated with Ru360 (10 μM), a membrane permeant inhibitor of the mitochondrial uniporter for 20 min and fresh solution with fresh Ru360 was added at the start of the
experiment, completely preventing the glutamate-induced loss of potential without altering the [Ca2+]c response. In (B)–(C), cells were exposed to a calcium free saline as indicated to
ensure that the response was no longer dependent on external calcium. The membrane-permeable Ca2+-chelator EGTA-AM was then added at 50 μM, reducing [Ca2+]c and reversing
the loss of Δψm when added before (B) but not after (C) a period of ~20 min.
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sequentially through 10 nm band pass ﬁlters centred at 340, 380 and 490 nm housed in
computer-controlled ﬁlter wheel (Cairn Research, Kent, UK). Emitted ﬂuorescence light
was reﬂected through a 515 nm long-pass ﬁlter to a cooled CCD camera (Hamamatsu,
Orca ER) and digitised to 12 bit resolution (Digital Pixel Ltd, UK). All imaging data were
collected and analysed using software from Andor (Belfast, UK). The fura-ff data have
not been calibrated in terms of [Ca2+]i because of the uncertainty arising from the use of
different calibration techniques. Accumulation of Rh123 in polarised mitochondria
quenches the ﬂuorescent signal; in response to depolarisation the ﬂuorescence signal is
dequenched; an increase in Rh123 signal therefore signals mitochondrial depolarisa-
tion [15,16]. Wherever possible, we have normalised the signals between resting level
(set to 0) and a maximal signal generated in response to the uncoupler FCCP (1 μM; set
to 100%).
Confocal images were obtained using a Zeiss 510 uv–vis CLSM equipped with a
META detection system and a 40× oil immersion objective. The 488 nm Argon laser line
was used to excite ﬂuo-4 or Rh123 ﬂuorescence which was measured using a bandpass
ﬁlter from 505–550 nm. Illumination intensity was kept to a minimum (at 0.1–0.2% of
laser output) to avoid phototoxicity and the pinhole set to give an optical slice of ~2 μm.
TMRM was excited using the 543 nm laser line and ﬂuorescence measured using a
560 nm long-pass ﬁlter. NADH autoﬂuorescence was excited using the 351 line of the
UV laser at the lowest power possible (~0.1%), and measured at 435–485 nm with the
pinhole wide open to maximise signal. Under these conditions, there is minimal
photobleaching or toxicity and stable recordings may be obtained for hours. There is no
signiﬁcant bleed through between NADH and TMRM signals. All data presented were
obtained from at least 5 coverslips and 2–3 different cell preparations.
2.3. Toxicity experiments
For toxicity assays we loaded cells simultaneously with 20 μM propidium iodide
(PI), which is excluded from viable cells but exhibits a red ﬂuorescence following the
loss of membrane integrity, and 4.5 μMHoechst 33342 (Molecular Probes, Eugene, OR),
which labels nuclei blue, to count the total number of cells. Using phase contrast optics,
a bright ﬁeld image allowed identiﬁcation of neurones, which look quite different to the
ﬂatter glial component and also lie in a different focal plane, above the glial layer. A totalnumber of 600–800 neurones were counted in 20–25 ﬁelds of each coverslip. Each
experiment was repeated four or more times using separate cultures.
2.4. Statistical analysis
Statistical analysis was performed with the aid of Origin 7 (Microcal Software Inc.,
Northampton, MA, USA) software. Means expressed± the standard error of the mean
(S.E.M.).
3. Results
3.1. Glutamate induced mitochondrial depolarisation is dependent on
mitochondrial calcium uptake
We and others have previously shown that application of 100 μM
glutamate to hippocampal neurons at ≥12 days in vitro (DIV) causes a
stereotypical response that consists of an initial transient increase in
[Ca2+]c followed after a variable period of time by a secondary delayed
increase to a plateau (Fig. 1A) [5,17]. Simultaneous measurements of
mitochondrial potential showed that the initial phase may be
accompanied by a modest small and slow mitochondrial depolarisa-
tion, while the delayed secondary increase in [Ca2+]c is accompanied
by a progressive and possibly complete loss of mitochondrial potential
(Fig. 1A) [5,8]. The relationship between these two events has never
been very clear, and usually they occur in effect synchronously (Fig. 1)
[8], so that it is not possible to say which, if either is causative. In
hippocampal neurons, especially after N14 days in vitro, the early
transient calcium response may be followed so rapidly by the delayed
deregulation, that it is hard to separate the two. The experiments
Fig. 3. Inhibition of PARP delays the loss of Δψm. Simultaneous measurements of [Ca2+]c and Δψm in neurons in response to glutamate in the presence of the PARP inhibitors 3-AB
(A, 2.5 mM) and DPQ (B, 20 μM) are shown. (A–B). Traces from exemplar cells marked with different symbols show that in the presence of the PARP inhibitors, the [Ca2+]c signal
following glutamate was unchanged, but the mitochondrial depolarisation was signiﬁcantly delayed relative to the [Ca2+]c signal. Note that Δψm now increased over the initial few
minutes of glutamate application. (C) illustrates quantiﬁcation of the impact of Ru360 and both PARP inhibitors on the mean glutamate-induced increase in Rh123 signal in
hippocampal neurons as a fraction of the increase induced by FCCP.
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mitochondrial depolarisation. In the experiment illustrated in Fig. 1B,
glutamate was applied to neurons which showed a typical response
consistingof a large secondary increase in [Ca2+]c. On removalof external
calcium after about 10 min of exposure to glutamate, both the [Ca2+]c
and theΔψm recovered. This shows that i) the rise in [Ca2+]c is reversible
at this time (as shown previously — see [13]). This will be explored
further below. It is also clear that ii) themitochondrial potential recovers
following the change in [Ca2+]c and so at this time, the sustained
mitochondrial depolarisation requires the continual inﬂux of calcium.
The reversibility of the [Ca2+]c increase is not maintained, how-
ever. Removal of extracellular calcium after more than about 20 minexposure to glutamate no longer had any apparent effect on [Ca2+]c
(Fig. 1C). Thus, extrusion or sequestration mechanisms that generated
the Ca2+ recovery seen in Fig. 1B were now no longer operational. Note
also that the mitochondrial depolarisation at this time was also
sustained. This sequence has been described previously [13], but sets
the scene for the rest of the data to be shown here.
It has long been clear that the loss of mitochondrial membrane
potential is dependent on glutamate-induced calcium inﬂux— it is not
seen if glutamate is applied in the absence of extracellular calcium.
It is also apparent that cell death requires mitochondrial calcium
accumulation [4]. However, the speciﬁc dependence of mitochon-
drial depolarisation on mitochondrial calcium uptake has not been
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to some other calcium dependent process.
In order to test the calcium dependence of the mitochondrial
depolarisation directly, we used Ru360, a membrane permeant inhi-
bitor of the mitochondrial uniporter [18]. It is critical for these
experiments that Ru360 is prepared and used as freshly as possible in
order to avoid its oxidation in room air. This is mademore difﬁcult by a
requirement for pre-incubation to load the cells and prohibits longer
term experiments of this kind. Cells were pre-incubated with Ru360
(10 μM) for 20 min and then a fresh solution with fresh Ru360 was
added at the start of the experiment. When used in this way, Ru360
completely prevented the loss of mitochondrial potential in the ma-
jority of neurons. Thus, in 74% neurons, (n=112/149) the peak increase
in the Rh123 signal was reduced from the 84.4±6.3% increase seen in
control cells to just 6.7±0.5% above baseline in cells pre-incubated
with Ru360, (Fig. 2A, se also Fig. 3C) without having any signiﬁcant
impact on the [Ca2+]c response.
It must be noted, that in some experiments, Ru360 was apparently
without effect at all, and that in a given experiment it was either
effective in all cells (n=8 experiments, 112 neurons) or in none (n=4
experiments, 37 neurons), suggesting that in some experiments either
it failed to penetrate the cells sufﬁciently or it had been rendered
ineffective through oxidation over the long time period of the ex-
periment. As we have never seen a secondary [Ca2+]c increase without
amitochondrial depolarisation in the absence of Ru360, in hundreds of
experiments over several years, it seems safe to conclude that the
dramatic effect was due to inhibition of mitochondrial calcium uptake
by Ru360. These data show clearly and unequivocally that the loss
of mitochondrial potential is a direct response to mitochondrial cal-
cium accumulation and that it is not secondary to some other change
associated with calcium inﬂux (i.e. a pH change, activation of NOS,
generation of ROS, changes in Na+, etc.).
These experiments also show a striking dissociation between the
mitochondrial depolarisation and the appearance of the secondary [Ca2+]c
plateau. This alone is a most singular and important observation as it is
immediately apparent that the [Ca2+]c plateau cannot be simply attributed
to the loss of mitochondrial membrane potential (e.g. as a consequence of
ATP depletion due to mitochondrial depolarisation) but rather that the
two events are likely to be independent responses to some other process
or processes following glutamate application (see also below).
3.2. Reversibility of the mitochondrial depolarisation: dependence on
calcium
Both the mitochondrial depolarisation and the [Ca2+]c plateau
appear as a continuous phase, but in fact each seems to be composed of
two distinct periods, the ﬁrst of which is reversible, the second
irreversible. Thus, for a limited period of time (~10 min, in our hands)
after the onset of the secondary calcium increase and the collapse of
mitochondrial potential, removal of extracellular calcium promotes
recovery of both variables, while after longer time periods (~20 min),
removal of extracellular calcium has no effect at all on either variable
(Fig. 1B; and see [5,13]. That mitochondrial potential recovers during
the early phase if extracellular calcium is removed strongly suggests
that the mitochondrial depolarisation requires and is maintained by
the high [Ca2+]c and that mitochondrial recovery is a response simply
to the removal of [Ca2+]c. It is not however clearwhethermitochondrial
potential is still able to recover after the [Ca2+]c signal is locked high, or
whether the failure of the two processes to recover are inextricably
linked, for example if one is a function of the other. In order to answer
this question,we usedmembrane permeant calciumchelators to lower
[Ca2+]c independently of calcium inﬂux or efﬂux mechanisms. At time
points when removal of extracellular Ca2+ was no longer associated
with any recovery, application of the membrane permeant calcium
chelators BAPTA-AM or EGTA-AM promoted recovery of both [Ca2+]c
and mitochondrial membrane potential (Fig. 2B–C). At later timepoints, even after buffering and reducing [Ca2+]c, mitochondrial
potential failed to recover. These observations strongly suggest that
the initial mitochondrial depolarisation is dependent on the sustained
presence of Ca2+ (either in the cytosol, in mitochondria or in both, as
AM esters of the calcium chelators will also enter the mitochondria),
but that later some other mechanism takes over and the potential
is irretrievably lost, no matter what happens to [Ca2+]c.
In the experiments illustrated in Fig. 2B, the membrane-permeable
Ca2+-chelator 50 μM EGTA-AM was applied once the secondary [Ca2+]c
plateauwas established. The EGTA-AMdecreased [Ca2+]c in themajority
(in 86%;n=179/208 cells) of 11–25DIV neurons after a 10min glutamate
exposure. In the majority of the neurons, the Rh123 signal recovered
following the recovery of the fura-ff signal with a decrease in the Rh123
signal from a mean increase under control conditions of 84.4±6.3% to a
meansignal just 36.4±3.1%above resting level at a 7min timepoint (82%
of the cells with effect of EGTA-AM; n=169/208).
Thus, chelation of [Ca2+] in hippocampal neurons after 10 min of
glutamate exposure promoted recovery ofmitochondrial potential.We
also used another membrane-permeable Ca2+-chelator 50 μM 1,2-bis
(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tetra(acetoxy-
methyl) ester (BAPTA-AM),which also decreased [Ca2+]c in the neurons
butwith less efﬁcacy than EGTA-AM (itwas effective in 54% of the cells,
n=95/176), and, again Δψm recovered in a large proportion of those
cells (n=93/176; themean increase in the Rh123 ﬂuorescence dropped
from 84.4±6.3% to a signal 43.4±3.3% above the resting level at 7 min).
After longer periods of glutamate exposure (20–30 min, Fig. 2C),
BAPTA-AM and EGTA-AM still decreased [Ca2+]c in a proportion of cells
(in 39% of the neurons, n=69/176 for BAPTA-AM; 79%, n=83/105 for
EGTA-AM) but this was not followed by any change in the Rh123 signal
(only 4 cells out of 176 tested showed a change in mitochondrial
response to BAPTA-AM and 6 of 105 for EGTA-AM).
Thus, glutamate exposure seems to cause an initial period of
mitochondrial depolarisation during which chelation or removal of
[Ca2+]c is sufﬁcient to promote recovery of mitochondrial potential, and
where the sustained mitochondrial depolarisation can be attributed to
the sustained high [Ca2+]. However, this gives way after a period of time
to a fundamental change in the mitochondria such that the depolarisa-
tion is no longer reversible, and restoring [Ca2+] no longer has any effect
on potential and the mitochondria remain depolarised, committing
those cells to die. These two phases are indistinguishable, as throughout
this period, the mitochondria are continuously depolarised, but these
experiments reveal two different phases to the depolarisation and sug-
gest two distinct mechanisms.
3.3. PARP plays a key role in the loss of mitochondrial potential
A signiﬁcant role for poly-adenosine ribosyl polymerase (PARP) has
been suggested in glutamate-induced cell death. It has been suggested
that the activation of intramitochondrial PARP-2 might cause the loss
of mitochondrial membrane potential [19], while other studies have
suggested that PARP-1 activation acts as a potentmediator of neuronal
cell death following glutamate excitotoxicity [20]. The speciﬁc
relationships between mitochondrial calcium accumulation, PARP
activation and the loss of mitochondrial potential are less clear. Pre-
incubation of hippocampal neurons for 20minwith the PARP inhibitor
(3-aminobenzamide, 3-AB, 2.5 mM dramatically delayed (by 3–8 min,
7 experiments) the mitochondrial depolarisation in the majority of
cells with respect to the [Ca2+]c signal (101/112 neurons, Fig. 3A). The
inhibitor had no signiﬁcant effect on the [Ca2+]c signal (the fura-ff ratio
signal rose to a ratio of 1.44±0.17 compared to 1.67±0.19 in control,
n=165, pN0.05), strongly suggesting that the early mitochondrial
depolarisation that follows the mitochondrial calcium uptake is
triggered by activation of PARP. Another PARP inhibitor, 3,4-Dihydro-
5-[4-(1-piperidinyl)butoxyl]-1(2H)-isoquinolinone (DPQ (20 μM)) sig-
niﬁcantly delayed the appearance of the secondary [Ca2+]c signal from
amean time of onset at 2.3±0.2min in control neurons to 7.75±0.5min in
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[Ca2+]c signal (if anything, the signal was increased, as the mean fura-ff
ratio signal rose to a ratio of 2.11±0.22 compared to 1.67±0.19 in control,
n=171, pN0.05). The time between mitochondrial depolarisation andFig. 4. Glutamate causes depletion of NADH which is slowed and limited by inhibition of PAR
neurons following glutamate application. (A) Glutamate application caused an almost imm
mitochondrial depolarisation only once the NADH signal was fully oxidised (arrows). (B) In th
rate of depletion was suppressed and delayed. A delayed oxidation coincided with the m
mitochondrial depolarisation were even more dramatically delayed using DPQ (20 μM) (C).
completely prevented. Note that FCCP caused a large oxidation of NADH in these experime
remained largely intact in the presence of Rh360. E. The mitochondrial substrate pyruvate r
addition in the presence of pyruvate still caused a small but signiﬁcant oxidation of NADH,delayed [Ca2+]c deregulationwas also signiﬁcantly delayed to amean time
of onset of 4.3±0.3 min (Fig. 3B–C). Both inhibitors signiﬁcantly reduced
the amplitude of the glutamate-induced mitochondrial depolarisation
(the peak increase in Rh123 ﬂuorescence decreased from 84.4±6.3 inP. The traces show simultaneous measurements of Δψm and NADH autoﬂuorescence in
ediate decrease (oxidation or depletion) of the NADH signal, which was followed by
e presence of the PARP inhibitor 3-AB (2.5 mM), NADH oxidationwas still evident but the
uch delayed loss of Δψm. The changes in both NADH and the delay and decrease in
(D) Ru360, dramatically suppressed the oxidation of NADH while the loss of Δψm was
nts in contrast to the traces shown in panels (A) and (B), showing that the NADH pool
estored the NADH level a little after glutamate-induced oxidation of NADH, while FCCP
a measure of the remaining intact NADH pool.
Fig. 5.Mitochondrial substrates restore Δψm in the post-glutamate period. Membrane permeant substrates for mitochondrial complex I, (A pyruvate; 5 mM), complex II (BMe-succinate;
5 mM) and complex IV (TMPD — 200 μM/ascorbate — 5 mM) were applied after the mitochondrial depolarisation was established. Pyruvate was only moderately effective while Me-
succinate or TMPD/ascorbate promotedalmost complete recoveryof potential in theﬁrst 10minafter glutamate exposure.When tested aftera period N20minof glutamate exposure, these
agents were ineffective. The combination of substrates with Ca2+-free saline (contained 0.5 mM EGTA) also reduced [Ca2+]c (A—for pyruvate and D—for TMPD/ascorbate).
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pb0.001 in the presence of DPQ; Fig. 3A–C).
Activated PARP consumes NAD+, effectively depleting the pool of
NADH and so limiting mitochondrial respiratory substrate availability
[19–21]. We therefore used confocal imaging to measure the autoﬂuor-
escence of NADH simultaneously with mitochondrial membrane po-
tential (Rh123). 100 μM glutamate caused a remarkably rapid fall in the
autoﬂuorescence of NADH, reducing the signal by a mean of 53.4±4.1%of the basal level (n=114, Fig. 4A). The mitochondrial depolarisation
appeared to start only after the NADH signal had reached a nadir.
Inhibition of PARP using 2.5 mM3-AB delayed and decreased this effect
of glutamate on NADH ﬂuorescence, such that the NADH signal was
reducedbyonly 38.3±2.9% (n=141, Fig. 4B). 20 μMDPQalso dramatically
reduced the fall in NADH autoﬂuorescence caused by glutamate with a
decrease in signal of only 18.4±1.1% (compared with 53.4±4.1% in
control; n=188; pb0.001; Fig. 4C). Application of 3-AB (2.5 mM) or DPQ
960 A.Y. Abramov, M.R. Duchen / Biochimica et Biophysica Acta 1777 (2008) 953–964(20 μM) did not signiﬁcantly change values of NADH ﬂuorescence at the
start of the experiments, suggesting that PARP was not signiﬁcantly
active in the resting neurons. This remaining oxidation is likely to be
attributable to the massive metabolic demands imposed on the cell
as a consequence of glutamate action — including large and energy
demanding changes in intracellular [Na+], [Ca2+], and pH.
Inhibition of mitochondrial calcium uptake with Ru360 (20 μM)
delayed and dramatically reduced the effect of glutamate on NADH,
(the ﬂuorescence decreased in response to glutamate by just 14.9±
0.1% compared to the control of 53.4±4.1%, n=97, pb0.001; Fig. 4D),
showing that the large reduction in NADH ﬂuorescence following
glutamate exposure is largely dependent on mitochondrial calcium
uptake.
Exposure of cells to additional mitochondrial substrate (pyruvate,
5 mM) to supply mitochondrial complex I only partially rescued the
NADH pool from full oxidation following glutamate exposure (Fig. 4E,
n=63). Substrates for complex II of the mitochondrial respiratory
chain – methyl succinate (a membrane permeant form of succinate
that supplies electrons to complex II, 5 mM) – did not change the
NADH ﬂuorescence in control and glutamate-exposed hippocampal
neurons (data not shown; n=76 cells).
3.4. Reversibility of mitochondrial depolarisation by mitochondrial
substrates
If the loss of mitochondrial membrane potential is a consequence
of substrate (NADH) deprivation, then it should be reversed by supply
exogenous substrates for downstream respiratory complexes. Further,Fig. 6. After glutamate-induced mitochondrial depolarisation, mitochondria retain signiﬁcan
inhibit ER Ca2+ uptake. They were then exposed to glutamate to induced mitochondrial dep
calcium. Application of ionomycin under these conditions raised [Ca2+]c and caused a collapse
not after 20 min (B). As mitochondria are the only source of Ca2+ under these conditions the
loaded despite being largely depolarised, while after 20 min, there appeared to be no additmitochondrial depolarisation due to mPTP opening cannot be re-
versed by mitochondrial substrates — improving mitochondrial
respiratory activity cannot restore a potential short-circuited by the
opening of a pore. Indeed, it has been suggested previously that cell
injury due to PARP activation can be reversed by provision of TCA cycle
intermediates [21]. It is also well established that pyruvate is
neuroprotective [22,23], but the mechanism has been less clear. The
data are summarised in Fig. 5. Application of 5 mM pyruvate to
glutamate-induced hippocampal neurons reduced the increase in
Rh123 ﬂuorescence from 96.7±3.9% to a signal 38.6±2.2% above
baseline in the majority of the cells (in 91% of cells, n=68/75; Fig. 5A).
After ~10 min of glutamate exposure, application of TMPD (200 μM)
+ascorbate (5 mM), which transfers electrons to complex IV, so by-
passing the whole respiratory chain, promoted almost complete
recovery of the mitochondrial potential (Rh123 ﬂuorescence reduced
from a level of 91.8±5.8 to just 15.5±1.8% above baseline) without
affecting the calcium plateau (Fig. 5B). The membrane permeant
complex II substrate, methyl succinate (Me-succinate, 10 mM) had the
same effect (the Rh123 signal was reduced from 90.4±8.1% to just
28.6% above baseline; Fig. 5B and C, an effect observed in 88% of
neurons, n=79/90 for TMPD/ascorbate; and in 73%, n=92/126 for Me-
succinate). Application of pyruvate or TMPD with ascorbate in a Ca2+-
freemedium (Fig. 5A,D) at a timewhen Ca2+ removal failed to promote
recovery still supported recovery of Δψm in the post-glutamate period
(recovery of potential was seen in 89% of the cells for TMPD/ascorbate,
n=115/129), and also signiﬁcantly reduced [Ca2+]c (for TMPD/
ascorbate: from 2.01±0.08 to 1.48±0.09 fura-ff ratio; pb0.001, 83%
of the cells, n=107/129; for pyruvate: from 2.1±0.07 to 1.79±0.03;t calcium concentrations. Cells were exposed ﬁrst to thapsigargin (1 μM) to irreversibly
olarisation. Ionomycin was then applied in the absence of [Ca2+]o and so identify stored
of any remaining mitochondrial potential after 10 min of exposure of glutamate (A) but
se observations show that after 10 min of glutamate exposure, mitochondria were Ca2+
ional mitochondrial releasable Ca2+.
Fig. 7.Neuronal mitochondria retain the capacity to accumulate Ca2+ after exposure to glutamate. Fluo-4 and TMRM (25 nM)-loaded neurons were exposed to glutamate (A) and then
permeabilised with 20 μM digitonin in a pseudo-intracellular solution (containing 25 nM TMRM). Fluo-4 entrapped within mitochondria allows measurement of intramitochondrial
Ca2+ under these conditions. Upon further application of 5 μM Ca2+ (B) the mitochondria accumulated Ca2+ and mitochondrial membrane potential collapsed.
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increased mitochondrial potential can either restore ATP provision to
a pump that is otherwise overwhelmed, or that the re-energised
mitochondria can now accumulate calcium.
We also examined the effect of these substrates after longer pe-
riods of glutamate exposure, 20–30 min, and found that at these
later times, neither TMPD/ascorbate nor methyl succinate had any
effect on mitochondrial potential or on the calcium signal (Fig. 5E).
These observations suggest that a second mechanism has taken over
the mitochondrial depolarisation, such that even additional substrate
can no longer support a mitochondrial potential. These observations
also rule out artefactual interactions of the TMPDwith the dyes which
was considered a possibility, as TMPD is oxidised to a blue product
(known as Wursters Blue).
Together, these data show that promoting mitochondrial respira-
tionwith the provision of substrates to complexes I, II or IV can reverse
the mitochondrial depolarisation in the early phase of glutamate
exposure. On the other hand, more prolonged (20–30 min) glutamate
exposure initiates a process in which the depolarisation can no longer
be inﬂuenced by substrate supply. Together with the observations
described above, these observations strongly suggest that the early
mitochondrial depolarisation is due to activation of PARP which is
somehow dependent on mitochondrial Ca2+ uptake. This is followed
by depletion of mitochondrial substrate but gives way later to ir-
reversible damage, either to the respiratory chain or through mPTP
opening.3.5. Despite mitochondrial depolarisation, mitochondrial calcium
content remains high
It is clear that the collapse of mitochondrial potential is depen-
dent on mitochondrial calcium uptake. It has been widely assumed
that the depolarisation is due to opening of the mitochondrial per-
meability transition pore (mPTP), thought to arise from a calcium
dependent conformational change in mitochondrial membrane pro-
teins that form a large conductance pore spanning both inner and
outer mitochondrial membranes (for recent reviews, see [9,10]).
Reversal of the depolarisation by calcium chelation does not rule
out this process, as mPTP opening can be reversed by chelation of
mitochondrial calcium [9] and both the AM esters of BAPTA and EGTA
may penetrate into mitochondria and so buffer intramitochondrial
calcium.
As mPTP opening releases mitochondrial stored calcium, we at-
tempted to probe the mitochondrial calcium content following
mitochondrial depolarisation in response to glutamate. We used cal-
cium ionophores to dissipate any calcium gradient between mito-
chondria and cytoplasm [24]. Hippocampal neurons were treatedwith
thapsigargin (1 μM) which irreversibly depletes ER Ca2+ and prevents
Ca2+ sequestration into the ER, and were then exposed to glutamate.
Thapsigargin pre-treatment had no apparent impact on the glutamate
response (Fig. 6A–B). Washing the cells with Ca2+-free (0.5 mM EGTA)
saline had no effect on either Δψm or [Ca2+]c after either 10 min or 20–
30 min of glutamate exposure (Fig. 6A–B). Application of ionomycin
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raised [Ca2+]c and caused an additionalmitochondrial depolarisation in
the neurons (87% of the cells, n=162/187, Fig. 6A). After more
prolonged glutamate treatment, the ionophore had no effect on either
[Ca2+]c or Δψm after 20–30 min of glutamate exposure (an effect of
ionophore was seen in only 4% of the cells, n=5/108, Fig. 5B). The
source of the calcium in these experiments could only be mitochon-
drial. These data show that despite a profound mitochondrial de-
polarisation in the early phase, even in cells unable to recover [Ca2+]c,
mitochondriamust still be intact and able to sustain a calciumgradient
from the cytosol which is equalised by the ionophore. However, after
20 min of glutamate exposure the calcium gradient must be lost and
[Ca2+]c cannot be raised further by the ionophore. This is consistent
with a late opening of the mitochondrial PTP.
We then tried to establish the state of the neuronal mitochon-
dria following glutamate exposure and mitochondrial depolarisa-
tion by permeabilising cells with a low concentration of digitonin
after glutamate treatment. TMRM was used at a low concentration to
measure changes in mitochondrial potential, ﬂuo-4 was used to mea-
sure calcium and confocal imaging was used to allow visualisation
of mitochondria following permeabilisation (n=31 neurons, Fig. 7 A).
After permeabilisation in a pseudo-intracellular saline, ﬂuo-4 en-
trapped within the mitochondria showed a bright ﬂuorescence while
the TMRM signal was weak. After a short period, the TMRM signal
grew brighter, suggesting that mitochondrial potential was reco-
vering. A further addition of buffered calcium (5 μM, Fig. 7B) increa-
sed mitochondrial calcium content and also caused a loss of potential,
showing that mitochondria were still patent and able to accumulate
calcium despite the loss of potential and high calcium content.Fig. 8. Role of the mitochondrial permeability transition pore in the mitochondrial depol
reproducible effect on the responses to glutamate. However, in the presence of CsA, applicati
caused release of Ca2+ frommitochondria even after N25 min of glutamate exposure, suggest
neurons cultured from transgenic cypD−/− mice, the initial loss of potential appeared to b
neuronal responses. However in these cells, buffering [Ca2+]c with BAPTA/AM (50 μM) prom
which the mitochondrial depolarisation was invariably irreversible in control cells.3.6. The role of the mPTP: cypD knockout mice
The pharmacology of themPTP is unfortunately difﬁcult, as most of
the agents used to inhibitmPTPopening arenot sufﬁciently selective to
give unequivocal results. In agreement with previous publications
[5,25], we found that the presence of mPTP inhibitor, cyclosporin A
(0.5 M) reduced the number of the neurons showing a profound
mitochondrial depolarisation from67%, (n=192) to 52%,(n=94, Fig. 8A)
but did not signiﬁcantly change the value of the calcium signal or
the time of appearance of delayed calciumderegulation (mean onset at
2.7±0.3 min compared to 2.3±0.2 min in control neurons). Incubation
of hippocampal neurons with CsA did not signiﬁcantly change the
ability of the cells to recover [Ca2+]c or Δψm. However, this inhibitor of
mPTP shows protection on the latter stages of glutamate exposure
(25 min) — neurons were still able to increase [Ca2+]c in response to
ionomycin (94%, n=111, Fig. 8) in calcium free medium (compare to
data in Fig. 6 B when the calcium gradient between mitochondria and
cytosol was completely demolished). These observations suggest that
during prolonged glutamate exposure (N20 min) calcium overload in
mitochondria induces mPTP opening.
We therefore carried out experiments using cultures prepared
from transgenic cyclophilin D−/− mice (generously provided by J.D.
Molkentin), in which it is thought that mPTP opening is dramatically
impaired [26]. The responses of WT mouse hippocampal neurons
were indistinguishable from the responses of rat neurons described so
far. In neurons cultured from the cypD−/−mice, exposure of glutamate
induced a typical biphasic calcium signal and mitochondrial depolar-
isation (Fig. 8B, n=64 cells) that was indistinguishable from the
responses of matched controls (data not shown), conﬁrming that thearisation induced by glutamate. (A) Incubation of neurons with CsA (0.5 μM) had no
on of ionomycin in Ca2+ free saline (and in the presence of thapsigargin— see Fig. 5) still
ing that mitochondria retained Ca2+ even after the prolonged glutamate exposure. (B) In
e delayed but this was not consistently or signiﬁcantly different from control mouse
oted recovery of Δψm even after as long as 30 min after glutamate exposure, a time at
Fig. 9. Glutamate induced cell death in neurons — roles of metabolic substrates and
mPTP. The viability of neurons from rat hippocampus was measured 24 h after 10 min
exposure to 100 μM glutamate using PI ﬂuorescence. Dead cells were counted with
respect to the total number of cells present, identiﬁed by staining nuclei with Hoechst
33342. Me-succinate (5 mM), pyruvate (5 mM) and DPQ (20 μM) were signiﬁcantly
protective, while 2.5 mM 3-AB was not, but caused signiﬁcant toxicity when applied
alone. (B) Viability studies of neurons cultured from wild type and cypD−/− mice
following 10 min or 24 h exposure of glutamate show no signiﬁcant protection,
suggesting a minimal role for the mPTP in excitotoxic death.
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mPTP opening. Interestingly, however, even during prolonged
(N20min) exposure of these neurons to glutamate, removal of external
Ca2+ or chelationwith BAPTA-AM (50M, n=39) still promoted recovery
of mitochondrial membrane potential (Fig. 8B). These data strongly
suggest that the mitochondrial depolarisation seen during prolonged
glutamate exposure (N20 min) in WT hippocampal neurons is due to
mPTP opening.
3.7. Cell viability
Wethenexamined the effect of 10min exposure (estimated after 24h)
of cultures to 100 μM glutamate on cell viability and found that
remarkably, some 62.7±5.1% of neurons died in this period (Fig. 9A, n=4
experiments). Pre-incubationwith 5mMMe-succinate reduced cell death
of hippocampal neurons by ~30% (32.6±2.1% dead neurons, pb0.001;
n=4 experiments; Fig. 9A). Pyruvate (5 mM) was even more protective
(28.7±2.9%dead cells;pb0.001;n=4). The application of 2.5mM3-ABdid
not protect the hippocampal neurons (54.9±4.2% dead cells, Fig. 9A; n=4
experiments), however this compound appears to be toxic, causing cell
death when applied alone in 36.1±2.2% neurons. The other inhibitor of
PARP tested, DPQ (20μM), showed signiﬁcant neuroprotection, reducingcell death from 62.7±5.1% in the control to 39.3±3.2%, pb0.05; n=3
experiments).
We also used hippocampal neuronal cultures prepared from cy-
clophilin D−/− knockout and wild type mice. Neurons from the primary
wt mouse cultures were also vulnerable to glutamate, which caused
cell death in 57.6±5.1% of hippocampal neurons (10 min of exposure,
for 24 h of incubation with glutamate it was 76.5±6.9%; Fig. 9B, n=3
experiments). Cell death in the cells from cyclophilin D−/− transgenic
mice was not reduced (percentage for 10 min exposure was 59.7±5.7%,
for 24 h — 65.6±5.2%, n=4 experiments; Fig. 9B).
4. Discussion
The experiments described here have shown that i) loss of
mitochondrial membrane potential following exposure of hippocampal
neurons to toxic glutamate exposure is absolutely dependent on
mitochondrial calcium uptake; ii) the loss of potential is preceded by a
decrease in NADH; iii) the decrease in NADH is reduced and delayed by
PARP inhibitors, which also delay the collapse of mitochondrial
potential, protecting cells from glutamate-induced cell death; iv) PARP
inhibition or inhibition of mitochondrial calcium uptake ‘uncouple’
mitochondrial depolarisation from the secondary calcium deregulation,
demonstrating that these two processes are associated through other
signallingmechanismsbut arenotmutually dependent; v) loss ofNADH,
and therefore PARP activation, is dependent on mitochondrial calcium
uptake; and vi) the loss of mitochondrial potential consists of two
phases: the ﬁrst is dependent on PARP activity, involves depletion of
mitochondrial respiratory substrate and is reversible by provision of
mitochondrial substrates, while the second is irreversible and likely
reﬂects mPTP opening.
The synchrony of mitochondrial depolarisation and the secondary
calcium deregulation (sometimes referred to as delayed calcium de-
regulation or DCD) has suggested that these two processes must
somehow be interdependent — that the DCD is a consequence of
mitochondrial calcium release or of ATP depletion following loss of
potential or of failure of mitochondrial calcium uptake as a conse-
quence of the loss of potential. The uncoupling of these two events
by Ru360 or by PARP inhibition make it clear that none of these
explanations can be correct. It remains then that the two processes
must rather represent separate processes reﬂecting underlying
mechanisms that dictate the usual synchrony of the two processes.
The role of PARP activation in depleting NADH and promoting the
loss of mitochondrial potential also seems clearly established (see
[20]). As NADH depletion and mitochondrial depolarisation are both
inhibited by Ru360, it seems clear that mitochondrial calcium uptake
must somehow trigger PARP activation. We have not established here
themechanism of that trigger— is this an activation of intramitochon-
drial PARP (perhaps PARP-2 — see [19]) following mtDNA damage by
high intramitochondrial calcium or an activation of cytosolic PARP-1
following some other signal initiated bymitochondrial calcium uptake
such as the generation of reactive oxygen species (ROS)[27] or NO
generation? Evidence for a causative role of ROS generation in
glutamate toxicity remains controversial [28]. Although a role for NO
generation at the plasma membrane is well established (e.g. see
[7,8,20]), it is hard to reconcile the apparent requirement for
mitochondrial calcium uptake for excitotoxicity with this role and
there is currently no evidence for activation of mitochondrial NOS in
response to glutamate. Roles for PARP activation in glutamate
excitotoxicity have beenwell established [19,20] but to our knowledge
the association between PARP mediated NADH depletion and the loss
of mitochondrial potential has not been demonstrated. Neuronal
protection by mitochondrial substrates has also been described
[22,23], but again the speciﬁc ability of substrates to restore
mitochondrial potential has not been previously established.
What has perhaps been most surprising here has been the
demonstration that mitochondrial depolarisation seems to involve a
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and a second which is not. The transition between these two states is
not immediately apparent, as it occurs in the context of a continuum of
lost potential, and yet it likely represents the borderline between cells
which can be rescued and cells which are committed to die, and
therefore it is a very important transition to understand. The ﬁrst stage
seems to reﬂect the failure of substrate delivery to cells and therefore a
failure of proton pumping by the respiratory chain. This at ﬁrst sight
appears distinct from the ﬁndings of Jekabsons and Nicholls [29] who
showed an early increase in oxygen consumption in cerebellar granule
(CGN) cells exposed to glutamate which was later followed by a
decrease as potential was lost. However, the CGNs show responses
which are distinct from those of HPCs with a much longer delay before
the loss of Δψm. The data presented here are in most respects
consistent with their ﬁndings in that mitochondrial substrates were
protective, consistent with the suggestion that a glycolytic derived
substrate was limiting. Further the component of the early oxidation
of NADH that remained following PARP inhibition likely reﬂects
increased oxygen consumption and respiratory activity following the
increased energetic load imposed by the rise in Na+, H+ and Ca2+ and
consequent ATP demand following glutamate exposure.
It has been repeatedly stated in the literature that glutamate
excitotoxicity causesmPTP opening and so triggers cell death. Our data
show deﬁnitively that the early phase of mitochondrial depolarisation
cannot involve mPTP opening. That the potential can be restored by
restoring electron ﬂow through the respiratory chain with substrates
or with TMPD–ascorbate alone shows that the mPTP cannot be a
primary mechanism for the loss of potential. Further it is clear that
even after the loss of mitochondrial potential, mitochondrial calcium
content remains high, that in permeabilised cells themitochondria can
still accumulate calcium. Finally, we found that the loss of potential
was largely unchanged in cells from cypD−/− transgenic animals. Put
together it seems absolutely clear that the initial loss of potential is not
triggered by PTP opening but rather by an energetic failure driven by a
combination of increased energy demand and PARP activation. Never-
theless, it also seems that at a time point of about 10 min of glutamate
exposure, HPCs undergo a transition from an energetic failure tomPTP
opening, and this is revealed by the transition to a loss of potential that
can no longer be reversed using mitochondrial substrates or calcium
chelation. It is striking that in the cells from cypD−/− animals, the loss
of mitochondrial potential could still be reversed after 20 min of
glutamate exposure by mitochondrial substrates or calcium chelation
in contrast to the WT cells. mPTP opening is inhibited by ATP and by
NADH,while opening is promoted by calcium, ROS, Pi or indeed by loss
of potential [10]. Given that NADH is depleted and mitochondrial
calcium is high soon after exposure to glutamate, it seems likely that
this transition occurs at a time of ATP depletion, but this is not
currently measurable at the level of single cells.
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